Current clinical reports have indicated that hepatocyte transplantation (HTX) could be used in patients with liver failure and in children with liver-based metabolic diseases. One of the major limiting factors of HTX is a serious shortage of donor livers for hepatocyte isolation. To address this issue, we immortalized adult human hepatocytes with a retroviral vector SSR#69 expressing the genes of simian virus 40 large T antigen and herpes simplex virus-thymidine kinase simultaneously. One of the resulting clones, NKNT-3, grew steadily in chemically defined serum-free medium without any obvious crisis and showed the gene expression of differentiated liver functions. Under the administration of 5 µM ganciclovir, NKNT-3 cells stopped proliferation and died in in vitro experiments. We have established a tightly regulated immortal human hepatocyte cell line. The cells could allow the need for immediate availability of consistent and functionally uniform cells in sufficient quantity and adequate quality.
INTRODUCTION
cytes. To test this feasibility, we have immortalized human hepatocytes with a retroviral vector SSR#69 that The preferred therapy for liver failure and severe inencodes the genes of simian virus 40 large T antigen herited disorders of liver metabolism is whole-liver and herpes simplex virus-thymidine kinase (12). transplantation. On the other hand, one has to take into account the worldwide shortage of donor livers and the MATERIALS AND METHODS high-risk surgical procedure, accompanied by considerImmortalization of Human Hepatocytes by Retroviral able morbidity, mortality, and high medical costs. Thus, Gene Transfer of Simian Virus 40 Large T Antigen less traumatic therapies should be proposed in the near future. Since Berry and Friend developed methods to
We immortalized human hepatocytes with a retroviral vector SSR#69 (6, 12) . As shown in Figure 1 , isolate hepatocytes from the liver by a collagenase digestion technique in 1969, laboratory animal studies SSR#69 comprises the following from 5′ to 3′: (i) a long terminal repeat (LTR) with a packaging signal, (ii) an have demonstrated that hepatocyte transplantation (HTX) could be potentially used for the treatment of initiation codon followed by a recombination target (loxP), whose overlapping open reading frame was a fuliver failure and inborn errors of liver-based metabolism (4). The application of HTX is increasingly envisioned sion gene combining hygromycin resistance (HygroR) with herpes simplex virus-thymidine kinase (HSV-TK); for temporary metabolic support during acute liver failure, long-term metabolic supplementation in chronic (iii) the encephalomyocarditis virus internal ribosomal entry site (IRES), which allows internal initiation of liver insufficiency, and hepatocyte-directed ex vivo gene therapy (2, 3, 11) . However, the number of human livers translation; (iv) the supertransforming U19 mutant of simian virus 40 large T antigen (SV40Tag); (v) the secavailable for hepatocyte isolation is limited. An attractive alternative to the primary human hepatocytes would ond recombination target in direct orientation followed in the structure by the neomycin resistance (NeoR) gene, be a tightly regulated clonal cell line that grows in tissue and exhibits the characteristics of differentiated hepatobut, importantly, lacking an initiation codon; and (vi) another LTR preceded by its polypurine track. Only Hytransferase (bilirubin-UGT, 495 bp), ATGACCCGTG CCTTTATCAC (5′ primer) and TCTTGGATTTGTG groR/HSV-TK and SV40Tag should be expressed in the transduced cells. Two days after the final transduction GGCTTTC (3′ primer); glutamine synthetase (GS, 535 bp), ATGCTGGAGTCAAGATTGCG (5′ primer) and of human hepatocytes (obtained from Cell Systems. Co., Seattle, WA), selection of hygromycin was initiated.
TCATTGAGAAGACACGTGCG (3′ primer); glutathione-S-transferase π (GST-π, 496 bp), GCCCTACACCG The CS-C medium (obtained from Cell Systems. Co.) was used for the culture of human hepatocytes.
TGGTCTATT (5′ primer) and GGCTAGGACCTCAT GGATCA (3′ primer); human blood coagulation facImmunofluorescence Staining for SV40Tag in tor X (HBCF-X, 493 bp), GTGCATGGAAGAGACCT Immortalized Cells GCT (5′ primer) and GAAGTCAAGCAGGTCGAAGG Indirect immunofluorescence staining was carried out (3′ primer); human β-actin (610 bp), TGACGGGGT for detection of SV40Tag, as previously described (7).
CACCCACACTGTGCCCATCTA (5′ primer) and CTA Primary antibody was mouse monoclonal IgG antibody GAAGCATTTGCGGTGGACGATGGAGGG (3′ primer). to SV40Tag (Santa Cruz Biotechnology, Santa Cruz,
In Vitro Sensitivity of Immortalized Cells to CA) and FITC-conjugated sheep polyclonal antibody to Ganciclovir mouse IgG (Sigma, St., Louis, MO) was used as the secondary antibody.
To examine the in vitro sensitivity of immortalized human hepatocytes with SSR#69 to ganciclovir (GCV, Gene Expression of Differentiated Liver Functions and kindly given by Tanabe Pharmaceutical Inc., Osaka, JaSV40Tag in Immortalized Cells pan), a cell growth curve was obtained by 5-diphenylTotal RNA was isolated from immortalized cells us-2H tetrazolium bromide (MTT) assay. The immortal ing RNeasy midi kit according to the manufacture's procells were inoculated at 3 × 10 3 cells per well on a 96-tocol (Qiagen). Reverse transcription (RT) was perwell microplate with CS-C medium containing 5 µM formed at 22°C for 10 min and then 42°C for 20 min GCV. On days 1, 3, 5, and 7, 20 µg/ml of MTT was using 1.0 µg of RNA per reaction. Polymerase chain added to each well, incubated for 4 h, then reacted with reaction (PCR) was performed with specific primers in 150 µl isopropanol for 10 min, and the relative percent volumes of 50 µl containing 2.0 µg RT products (PCR viability was determined by the ratio of absorbance of kit; Perkin-Elmer/Cetus, Norwalk, CT). The amplifica-570 and 630 µm using a Bio-Rad EIA reader (Richtion reaction involved denaturation at 92°C for 1 min, mond, CA). annealing at 58°C for 1 min, and 72°C for 1 min using Infection Efficiency of a Recombinant Adenovirus a thermal cycler (Perkin-Elmer, Foster City, CA). The
Vector Expressing E. coli lacZ Gene (Ad-lacZ) in PCR products were resolved on 2% agarose gels and Immortalized Cells visualized by ethidium bromide staining. The human β-actin gene served as an internal control for the efficiency To examine the efficacy of an adenoviral gene delivery to immortalized human hepatocytes, the cells were of mRNA isolation and cDNA synthesis. Primers used were as follows: albumin (576 base pair, bp), AAACCT transduced with Ad-lacZ (obtained from Riken Gene Bank, Ibaragi, Japan) expressing E. coli lacZ gene under CTTGTGGAAGAGCC (5′ primer) and CAAAGCAG GTCTCCTTATCG (3′ primer); asialoglycoprotein rethe control of CAG promoter consisting of cytomegalovirus IE enhancer, chicken β-actin promoter, and rabbit ceptor (ASGPR, 495 bp), TAGGAGCCAAGCTGGAG AAA (5′ primer) and ACCTGCAGGCAGAAGTCATC β-globin polyadenylation signal (5). A sample of 1.5 × 10 6 immortalized human hepatocytes was plated on the (3′ primer); bilirubin-uridine diphosphate-glucuronosyl-ESTABLISHMENT OF A TIGHTLY REGULATED IMMORTAL HEPATOCYTE LINE 379 six-well plates and, 24 h later, transduced with Ad-lacZ at multiplicity of infection (MOI) 1, 5, and 10. For the cell staining, 24 h after Ad-lacZ infection, cells were washed twice with phosphate-buffered saline (PBS), fixed with 0.25% glutaraldehyde, and stained with 0.1% 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (Xgal). The cells expressing lacZ gene were identified using a phase-contrast microscopy.
RESULTS

Establishment of an Immortal Human Hepatocyte Cell Line NKNT-3
Human hepatocytes were transduced with a retroviral vector SSR#69. in approximately 48 h.
Immunofluorescence Staining for SV40Tag in NKNT-3 Cells In Vitro Sensitivity of NKNT-3 Cells to For detection of SV40Tag in NKNT-3 cells, indirect
Ganciclovir (GCV) immunofluorescence staining was performed. SV40Tag
To examine in vitro sensitivity of NKNT-3 cells to was revealed in the nuclei of all NKNT-3 cells by nu-GCV, a cell growth curve was obtained by an MTT clear immunofluorescence as shown in Figure 2B .
assay. Under the administration of 5 µM GCV, NKNTGene Expression of Differentiated Liver Functions and 3 cells stopped cell proliferation and died within a week, SV40Tag in NKNT-3 Cells as shown in Figure 4 . NKNT-3 cells showed the gene expression of albuInfection Efficiency of Ad-lacZ in NKNT-3 Cells min, ASGPR, bil-UGT, GS, GST-π, HBCF-X, and SV40
To examine the efficiency of adenoviral gene delivTag (Fig. 3) .
ery, NKNT-3 cells were infected with Ad-lacZ. The cells were stained with X-gal solution 24 h after AdlacZ infection. The percentage of the stained cells increased in a dose-dependent manner according to the MOI of Ad-lacZ used. Nearly 100% of NKNT-3 cells were transduced with Ad-lacZ at MOI ≥ 5 (Fig. 5) . 
DISCUSSION
of this work was to establish a tightly regulated immortal human hepatocyte cell line with differentiated liver Hepatocyte transplantation (HTX) could be an alterfunctions. To test this feasibility, we immortalized adult native to whole-organ transplantation to correct enzyhuman hepatocytes with a retroviral vector SSR#69 exmatic disorders and to act as a bridge to support patients pressing the genes of SV40Tag and HSV-TK. One of from acute liver failure to hepatic regeneration or comthe immortalized clones, NKNT-3, showed the gene expensation (2, 4, 11) . However, a number of issues hamper pression of differentiated liver functions. further development of HTX. The number of human livNormal mammalian cells do not express the HSVers available for hepatocyte isolation is severely limited.
TK gene and are therefore resistant to GCV cytotoxicity. Residual segments from reduced liver transplants and Selective cell killing has been possible with the introorgans with traumatic damage and excess macrovesicuduction of the HSV-TK gene into the cells, followed by lar fat, which are not suitable for orthotopic liver transtreatment with antiviral drugs such as GCV. In a variety plantation, are the only sources of human hepatocytes.
of animal models, the HSV-TK gene has been successUnfortunately, fatty livers do not consistently yield cells fully used to eliminate tumor cells (9). of good quality or provide cells of sufficient number to In NKNT-3 cells, administration of 5 µM ganciclovir transplant. While hepatocytes can be cryopreserved for stopped their cell proliferation and led to cell death storage and transplantation, the efficacy of preservation within a week. In contrast, other human cell lines such is variable and depends on a variety of known and unas PLC/PRF/5 or HepG2 grew normally, even in the 500 known factors (10).
µM GCV-containing medium (data not shown). These A solution to the limited organ availability for human findings suggest that when NKNT-3 cells show a harmhepatocytes would be a clonal hepatocyte cell line that ful behavior in vivo, GCV treatment would be useful to grows economically in culture and exhibits the characeliminate the cells from the host. teristics of differentiated hepatocytes. However, a potenPrevention of rejection of allografted hepatocytes retial risk of using such a cell line for humans is not comquires the use of immunosuppressants. Secretion of impletely precluded. To address this important safety issue, munosuppressive molecules such as CTLA4Ig or IL-10 additional safeguards should be provided to the immorfrom the transplanted hepatocytes would allow the patal cell lines prior to clinical use. One of such applications could be the use of a suicide gene. A main purpose tients with HTX to be free from the administration of
